Abstract. Absolute cross sections for the K-shell photoionization of C-like nitrogen ions were measured by employing the ion-photon merged-beam technique at the SOLEIL synchrotron radiation facility in Saint-Aubin, France. Highresolution spectroscopy with E/∆E ≈ 7,000 was achieved with the photon energy from 388 to 430 eV scanned with a band pass of 300 meV, and the 399.4 to 402 eV range with 60 meV. Experimental results are compared with theoretical predictions made from the multi-configuration Dirac-Fock (MCDF) and R-matrix methods. The interplay between experiment and theory enabled the identification and characterization of the strong 1s → 2p resonances observed in the spectra.
Introduction
Satellites Chandra and XMM-Newton currently provide a wealth of X-ray spectra of astronomical objects; however, a serious lack of high-quality atomic data impedes the interpretation of these spectra [1, 2, 3, 4, 5] . Recent studies on Carbon and its ions have shown that high quality data is required to model the observations in the X-ray spectrum of the bright blazar Mkn 421 observed by the Chandra LETG+HRC-S [6] . Spectroscopy in the soft X-ray region (5-45 Å) including K-shell transitions of C, N, O, Ne, S and Si, in neutral, singly or doubly ionized states and L-shell transitions of Fe and Ni, provides a valuable tool for probing the extreme environments in active galactic nuclei (AGN's), X-ray binary systems, cataclysmic variable stars (CV's) and Wolf-Rayet Stars [7] as well as the interstellar media (ISM) [8] . The latter, recent work, for example, demonstrated that X-ray spectra from XMM-Newton can be used to characterize ISM, provided accurate atomic oxygen K-edge cross sections are available. Analogous results concerning the chemical composition of the ISM are to be expected with the availability of accurate data on neutral [9, 10] and singly ionized atomic nitrogen K-edge cross sections. The globular cluster X-ray source CXO J033831. in NGC 1399 has also recently been found to show strong emission lines of [O III] and [N II] in its optical spectrum in addition to ultraluminous X-ray emission with a soft X-ray spectrum [11, 12] .
This lack of available X-ray data has motivated not only the present authors to perform K-shell photoionization studies on such ions but also other groups who use the same or similar experimental techniques. K-shell photoionization cross section results have been obtained on a variety of ions of astrophysical interest; He-like Li + [13, 14] , Li-like B 2+ [15] , C 3+ [16] , Be-like B + [17] , C 2+ [18] , B-like C + [19] , Nlike O + [20] , F-like Ne + [21] , along with valence shell studies on Mg-like Fe 14+ [22] . The majority of this experimental data has been benchmarked with state-of-the-art theoretical methods.
The present work on this proto-type C-like ion provides benchmark values for cross sections on photoabsorption of X-rays in the vicinity of the K-edge, where strong n=2 inner-shell resonance states of singly ionized atomic nitrogen are observed. No experiments have been reported to date on singly ionized atomic nitrogen in the Kedge photon energy region, previous experimental studies have been restricted to the valence shell region [23] .
Promotion of a K-shell electron in C-like nitrogen (N + ) ions to an outer np-valence shell (1s → np) from the ground state produces states that can autoionize, forming a N 2+ ion and an outgoing free electron. One of the strongest excitation processes in the interaction of a photon with the 1s 2 2s 2 2p 2 3 P ground-state of the C-like nitrogen ion is the 1s → 2p photo-excitation process;
Experimental studies of this singly ionized atomic nitrogen ion in its ground state 1s 2 2s 2 2p 2 3 P are further hampered by the presence of metastable states as the N + ions are produced in the gas-phase using an Electron-Cyclotron-Resonance-Ion-Source (ECRIS). 
Similarly, auto-ionization processes may also occur for the 1s 2 2s 2 2p 2 1 D, 1 S metastable states interacting with photons. To our knowledge this would appear to be the first time experimental measurements have been performed on this proto-type C-like system in the photon energy region of the K-edge.
Theoretical photoionization (PI) cross section calculations for inner-shell processes in this C-like ion have be performed by Reilman and Manson [24] using the Hartree-Slater wavefunctions of Herman and Skillman [25] and by Verner and co-workers [26] using Dirac-Slater potentials ( [27, 28] ) within a central field approximation. Photoionization cross sections obtained using these methods may be suitably accurate at very high photon energies but often give poor results near thresholds where configuration mixing is strong and resonance structure prevails, as is the case for the processes investigated here in the vicinity of the K-edge threshold. Central field methods neglect resonances features (observed in experimental measurements) as degenerate subshells of equivalent electrons rather than individual energy levels are considered. Therefore, any results obtained from these approaches in spectral modelling should be treated with due caution.
In this paper we present detailed measurements of the single and double PI cross sections in the 398 -406 eV region (the only one where peaks were observed) from the entire 388 -430 eV photon energy range explored. Our MCDF and R-matrix calculations enabled the identification and characterization of the strong 1s → 2p resonances observed in the spectra. The present investigation provides absolute values (experimental and theoretical) for PI cross sections, n=2 inner-shell resonance energies and linewidths occurring in the interaction of a photon with the 1s 2 2s 2 2p 2 3 P , 1 D , 1 S, and 1s 2 2s2p 3 5 S o states of the N + ion. The layout of this paper is as follows. Section 2 details the experimental procedure used. Section 3 presents a brief outline of the theoretical work. Section 4 presents a discussion of the results obtained from both the experimental and theoretical methods. Finally in section 5 conclusions are drawn from the present investigation.
Experiment

Ion production
The present measurements were made using the new MAIA (Multi-Analysis Ion Apparatus) set-up, figure 1, permanently installed on Branch A of the PLEIADES beam line [29] at SOLEIL, the French national synchrotron radiation facility, located in Saint-Aubin, France. It is a merged beam set-up, similar to the one originally designed by Peart et al [30] for measuring electron impact cross sections. A simplified scheme of the set-up is shown in figure 1 . The N + ions are produced in a permanent magnet Electron Cyclotron Resonance Ion Source (ECRIS) especially designed for this set-up at the CEA(Commissariat á l'Energie Atomique et aux Energies Alternatives) in Grenoble and previously tested at LURE (Laboratoire pour l'Utilisation de Rayonnement Electromagnétique) in Orsay [31] . To produce a nitrogen plasma, molecular nitrogen gas is injected into the plasma chamber and heated by a 12.6 GHz micro-wave. A power of a few watts is sufficient for an optimum production of the N + ions. The ions are extracted by applying a 2 kV bias on the source and selected in mass/charge ratio by a dipole magnet. The selected ions are deflected by a 45 o spherical electrostatic deflector (ED1) to be merged with the photon beam inside a 50 cm long interaction region (IR). Two sets of slits (S2 and S3) allow the matching of the size of the ion beam to the size of the photon beam. After interaction, the charge of the ions is analyzed by a second dipole magnet. The parent ions are collected in a Faraday cup (FC4), and the so-called photoions which have gained one (or several) charge(s) are counted using channel-plates.
Excitation source
The photon beam is monochromatized synchrotron radiation from the PLEIADES beam line. Two undulators with 256 mm and 80 mm period deliver photons in the 10 -100 eV and 100 eV -1000 eV energy ranges, respectively, with all types of polarization above 55 eV. The light is monochromatized by a plane grating monochromator with no entrance slit. High spectral purity is obtained by a combination of a quasiperiodic design for the undulators and the use of a varied groove depth for the plane grating. Three varied line spacing gratings are available for the adjustment of the resolution. An ultimate resolving power of approximately 10
5 is achievable at 50 eV. After monochromatization, the light is distributed and focalized to three different branches. On branch A, used for this experiment, the photon beam is parallel, with a typical spot size of 2 mm × 2 mm. The photon flux is measured using a calibrated silicon photodiode (PD). The photon energy is determined using a double-ionization chamber of the Samson type [32] . For this work, we used the 1s → π * transitions in the N 2 gas [33] and 2p → 3d transitions in Ar gas [34] for calibration purposes. The photon energy was corrected for Doppler shift resulting from the velocity of the N + ions. The estimated accuracy of the photon energy determination is 40 meV.
Experimental procedure
The merged-beam set-up allows a determination of the absolute photoionization cross sections. At a given photon energy, the cross sections σ PI are obtained from:
where S is the counting rate of photoions measured with the channel-plates and η is the efficiency of the photodiode. A chopper, placed at the exit of the photon beam line, allows to subtract from the photoions signal, the noise produced by collisional ionization processes, charge stripping on the slits or autoionizing decay of metastable excited states of N + ions produced in the ECRIS. Here q is the charge of the target ions; ν is the velocity of the ions in the interaction region determined from the accelerating potential applied to the ECRIS; I is the current produced by the photons on the calibrated photodiode. The efficiency η of the photodiode was calibrated in the 10-1000 eV energy range at the Physikalisch-Technische Bundesanstalt (PTB) beam line at BESSY in Berlin; e is the charge of the electron; J is the current of incident ions measured in FC4; is the efficiency of the microchannel plates determined by comparing the counting rate produced by a low intensity ion beam and the current induced by the same beam in FC4; ∆x∆yF (z) is an effective beam area (z is the propagation axis of the two beams), and F(z) is a two dimensional form factor determined using three sets of xy scanners placed at each end and in the middle of the interaction region. Each scanner is a 0.2 mm width slit moved across the ion and the photon beams. The length L of the interaction region is fixed by applying a 200 V bias on a 50 cm long tube placed in the interaction region, resulting in a different velocity for the photoions produced inside and outside the tube. F(z) is defined by:
where i xy =i(x,y)∆x∆y and j xy =j(x,y)∆x∆y are the ion and photon currents, respectively, passing through the slits and measured with FC4 for the ion beam and the photodiode for the photon beam, and ∆x and ∆y are the step sizes used to scan the slits, typically 0.2 mm. Typical values of the parameters involved in equation (1), measured at a photon energy of 400 eV are given in table 1. The contribution of N 2+ 2 molecular ions in the incident beam was subtracted. It was measured after the beam time using 14 N 15 N isotopic gas to be of the order of 3 %. The accuracy of the measured cross-sections is determined by statistical fluctuations on the photoion and noise counting rates and a systematic contribution resulting from the measurement of the different parameters in equation (1) . The latter is estimated to be 15% and is dominated by the uncertainty on the determination of the photon flux, the form factor and detector efficiency.
To record the single (double) photoionization spectra, the field in the dipole magnet was adjusted to detect N 2+ ions (N 3+ ions) with the channel-plates as the photon energy was scanned. Two modes have been used. One with no voltage applied on the interaction tube, allowing a better statistic since the whole interaction length of the beams is used. In this mode only relative cross sections are obtained. In the second mode, the voltage is applied to the tube to define the interaction length L (50 cm), which allows the determination of the cross sections in absolute value.
Theory
MCDF
We have performed multi-configurational Dirac-Fock (MCDF) calculations based on full intermediate coupling in a jj basis using the code developed by Bruneau [35] Only electric dipole transitions have been computed using Babushkin and Coulomb gauges, respectively. The oscillator strengths obtained in the two gauges differ by less than 10%. Using the MCDF code we have calculated the average autoionization rate Γ av (meV) of the 1s2s 2 2p 3 configuration (with a 1s vacancy) to be equal to 96 meV (which corresponds to a lifetime τ of 3.43 femto-seconds (fs) from the uncertainty principle ∆ E ∆ t = /2). From the MCDF calculations synthetic spectra are constructed as a sum of lorentzian profiles using, for all the lines, the Γ av value as the full width at half maximum (FWHM). In order to compare directly with the experimental measurements made at 300 meV and 60 meV the MCDF results were convoluted with gaussian functions of FWHM of 300 meV and 
R-Matrix
The R-Matrix method [36, 37, 38] , with an efficient parallel implementation of the codes [39] was used to determine all the PI cross sections, for both the initial 3 P ground state and the, 1 S, 1 D and 5 S o metastable states in LS-coupling using 390-levels in the close-coupling expansion. The Hartree-Fock 1s, 2s and 2p tabulated orbitals of Clementi and Roetti [40] were used together with the n=3 orbitals of the N 2+ ion determined by energy optimization on the appropriate hole-shell state Table 2 gives designation of the resonances 1 -7 , using the atomic structure code CIV3 [41] . The n=3 correlation (pseudo) orbitals are included to account for core relaxation and additional correlation effects in the multi-configuration interaction wavefunctions. All the N 2+ residual ion states were then represented by using multi-configuration interaction wave functions. The nonrelativistic R-matrix approach was used to calculate the energies of the N + bound states and the subsequent PI cross sections. PI cross sections out of the 1s 2 2s 2 2p 2 3 P ground state and the 1 S, 1 D along with the 1s 2 2s2p 3 5 S o metastable states were then obtained for all total angular momentum scattering symmetries that contribute.
All our PI cross sections were determined in LS -coupling with the parallel version [39] of the R-matrix programs [36, 37, 38] The multi-channel R-matrix QB technique (applicable to atomic and molecular complexes) of Berrington and co-workers [42, 43, 44] was used to determine the resonance parameters. The resonance width Γ may be determined from the inverse of the energy derivative of the eigenphase sum δ at the position of the resonance energy
The results for the resonance parameters determined from the QB method are presented in Table 2 .
Results and Discussion
In the entire 388-430 eV photon energy range we explored, only three intense structures were observed around 400 eV. Figure 2 shows our experimental and theoretical (MCDF and R-matrix) results over the photon energy range 398 eV -406 eV. The experimental results were taken with a photon energy resolution of 300 meV. The black triangles show the measurements of the single PI cross section obtained in the absolute mode. The yellow circles have been obtained in the relative mode with a smaller energy step. They have been put on the absolute scale keeping the same area under the absolute and relative measurements. The open blue triangles give the double PI cross section determined in the relative mode. To place them on the absolute scale it was assumed that the length of the interaction region was the same while recording the relative single and double PI cross sections.
In order to compare directly with the experimental measurements both our MCDF and R-matrix results were convoluted with a gaussian function of FWHM of 300 meV to simulate the measurements. Furthermore, we found that a non-statistical distribution of the ground and metastable states gave best agreement with experiment by weighting the contribution of the 1s 2 2s 2 2p 2 3 P, 1 D, 1 S, and 1s 2 2s2p 3 5 S o states by (0.54, 0.11, 0.03, 0.32) respectively. A statistical weighting showed greater disparity between theory and experiment. Figure 3 shows the same experimental and theoretical (MCDF and R-matrix) single PI cross sections results over the photon energy range 399 eV -403 eV but at the higher resolution of 60 meV. Voigt profiles were used to fit the peaks in the experimental data, to extract the linewidths, assuming a Gaussian instrumental contribution of 60 meV for each peak. The experimental data, obtained in the relative mode, were normalised keeping the same total area under the experimental single PI cross section measured with 60 meV and 300 meV band pass (yellow circles on figures 2 and 3). The error bars give the statistical uncertainty. The measured double PI cross section is only 4% of the single PI, these data are shown in figure 2 by the open blue triangles. Here again theory has been convoluted with a gaussian of 60 meV FWHM and the weighting of the states used as before. Both MCDF and R-matrix calculations are in good qualitative agreement with the experimental results. The position of the lines is better described by the R-matrix calculations, from matching the calculated and experimental ionization thresholds. The R-matrix calculations include Auger and radiation damping, missing from the MCDF calculations and give lines intensity in closer agreement with experiment. The R-matrix calculations indicate radiation damping can contribute up to 30%.
In Table 2 we present the MCDF theoretical values for the resonance energies and linewidths from our work which were obtained by fitting the various peaks found in the cross sections to Fano profiles for overlapping resonances. This enabled the extraction of the resonance energies and natural linewidths for the various states. The assignment of the peaks in the PI cross sections (due to 1s → 2p photo-excitation) is based on our R-matrix theoretical work, since it was not possible to extract experimental values for each individual state as the lines are a blend of different states. The first strong peak at about 399.85 eV is primarily a blend of the resonance 1 , 1s2s 2 2p 3 3 D o , resulting from photo-excitation of the ground 1s 2 2s 2 2p 2 3 P state along with that from resonance 2 , 1s2s2p 4 5 P from the 1s 2 2s2p 3 5 S o metastable state. This is clearly seen in the higher resolution experimental data taken at 60 meV (figure 3) as opposed to the measurements made at the lower resolution of 300 meV (figure 2). The valley between the first and second peak is filled with the 1s2s figure 2) , resulting from the photo-excitation of the 1s 2 2s 2 2p 2 1 D metastable is assigned to the 1s2s 2 2p 3 1 P o resonance state. These assignments are summarized in the first column of Table 2 .
Experimental linewidths were extracted from the ion-yield measurements in figure  3 by fitting Voigt profiles to the peaks assuming a Gaussian instrumental contribution of 60 meV for each peak. The first resonance peak in the experimental data at 399.844 ± 0.04 eV has a linewidth of 138 ± 41 meV, the second peak located at 400.633 ± 0.04 eV has a linewidth 86 ± 10 meV and the third peak at 401.346 ± 0.04 has a linewidth of 143 ± 21meV. The linewidth gives only an upper limit of the natural width since several lines can contribute to the structures. According to the R-matrix calculations, only peak 3 in the experimental data is pure, and following MCDF calculations, only peak 2, which may be due to the S → P dipole selection rules. Table 2 presents the theoretical results for the resonance positions and widths from our present investigations. For comparison purposes we have also included the results [45] . From the R-matrix results we see that the average autoionization rate for the 1s2s 2 2p 3 configuration (with a 1s vacancy) is 112 meV compared to a value of 96 meV determined from our present MCDF calculations.
In Table 2 the results from our present theoretical predictions from both the MCDF and R-matrix methods overall indicate they are in suitable agreement with each other. Futhermore, It is seen that the R-matrix results give closer agreement with experiment for the resonance energies of all the peaks, deviating at most by 45 meV (c.f. the avearge for 1 + 2 ), which is just outside the experimental error of 40 meV. All the other resonance energies from the R-matrix work are within the 40 meV experimental uncertainty however greater disparity is seen between experiment and the MCDF results. The use of a much larger basis in the R-matrix work along with coupling to the continuum could possibly improve the agreement with experiment but vastly increases the computational complexity of the problem. As seen from Table 2 discrepancies occur in the position and autoionization linewidth of the resonances from our work when compared to the early MCDF calculations of Chen et al. [45] . This was also highlighted by Garcia and co-workers [9] where outstanding discrepancies were found with that MCDF work, in particular wavelengths and A-coefficients for this C-like ion, which those authors believed to be due to numerical error by Chen et al. [45] .
Conclusions
Photoionization of C-like nitrogen ions, N + , has been investigated using state-ofthe-art experimental and theoretical methods. High-resolution spectroscopy was performed with E/∆E = 7000 at the SOLEIL synchrotron radiation facility, in SaintAubin, France, covering the energy ranges 388 eV to 430 eV where several strong peaks in the cross sections were found in the energy region around 400 eV. For these observed peaks, suitable agreement is found between the present theoretical and experimental results both on the photon-energy scale and on the PI cross-section scale for this prototype C-like system. The strength of the present study is in its excellent experimental resolving power coupled with theoretical predictions using the MCDF and R-matrix method. Given that the present results have been benchmarked with high resolution experimental data and with state-of-the-art theoretical methods they would be suitable to be included in astrophysical modelling codes such as CLOUDY [46, 47] and XSTAR [48] . The theoretical R-matrix cross sections for the individual states are available by contacting one of the authors, B M McLaughlin, b.mclaughlin@qub.ac.uk.
